Obesity is associated with resistance to the actions of both leptin and insulin via mechanisms that remain incompletely understood. To investigate whether leptin resistance per se contributes to insulin resistance and impaired glucose homeostasis, we investigated the effect of acute leptin administration on glucose homeostasis in normal as well as leptin-or leptin receptor-deficient mice. In hyperglycemic, leptin-deficient Lep ob/ob mice, leptin acutely and potently improved glucose metabolism, before any change of body fat mass, via a mechanism involving the p110␣ and ␤ isoforms of phosphatidylinositol-3-kinase (PI3K). Unlike insulin, however, the anti-diabetic effect of leptin occurred independently of phospho-AKT, a major downstream target of PI3K, and instead involved enhanced sensitivity of the hypothalamus to insulin action upstream of PI3K, through modulation of IRS1 (insulin receptor substrate 1) phosphorylation. These data suggest that leptin resistance, as occurs in obesity, reduces the hypothalamic response to insulin and thereby impairs peripheral glucose homeostasis, contributing to the development of type 2 diabetes.
Introduction
In addition to its essential role in the control of body weight, the adipose tissue-derived hormone, leptin, contributes to the maintenance of glucose homeostasis (Pelleymounter et al., 1995; Muzzin et al., 1996; Schwartz et al., 1996; Farooqi et al., 1999; Yu et al., 2008) . In fact, recent data suggest that leptin is more potent at regulating glucose levels in blood than it is at suppressing appetite (Hedbacker et al., 2010) . As the effect of leptin on glucose homeostasis is likely to be mediated centrally via activation of specific neuronal subpopulations in the hypothalamus (Kievit et al., 2006; German et al., 2009; Hill et al., 2009; Hedbacker et al., 2010) , in the present study, we aimed to investigate the central mechanisms mediating the anti-diabetic properties of leptin. Leptin action on glucose homeostasis is dependent on signal transduction via phosphatidylinositol-3-kinase (PI3K) activity (Mauvais-Jarvis et al., 2002; Niswender et al., 2003; Morton et al., 2005; Hill et al., 2009 ), a pathway also used by the insulin receptor. We have recently shown that unlike insulin, leptin does not induce phosphorylation of AKT, a key downstream mediator of insulin-stimulated PI3K activity, in the hypothalamus (Tups et al., 2010) . Since insulin action in the CNS is also implicated in the regulation of peripheral glucose homeostasis (Brüning et al., 2000; Okamoto et al., 2004 Okamoto et al., , 2005 , we hypothesized that leptin might exert its glucose-lowering effects in part through an interaction with insulin signaling in the hypothalamus. Using a range of leptin-and leptin receptor-deficient mice, we demonstrate here that leptin rapidly and markedly enhances hypothalamic sensitivity to insulin. These data provide new insight into mechanisms underlying impaired glucose homeostasis in obesity.
Materials and Methods

Animals
In all experiments only male animals were analyzed. Mice were either purchased from Janvier or drawn from the breeding colonies of the University of Marburg (Marburg, Germany) or the University of Otago, (Dunedin, New Zealand) . Sprague Dawley rats were purchased from the Animal Facility, University of Otago. Neuronspecific Lepr knock-out mice (Lepr fl/fl ϫ CaMKII␣-Cre) were generated at the University of Otago as described previously (Quennell et al., 2009) . All animals were 8 -13 weeks old and housed individually under standard conditions with a light/dark cycle of 12 h. The ambient temperature for mice was 26°C, for rats 23°C. Apart from the dark phase before the experiments, all animals had access to standard rodent diet and water ad libitum.
Stereotaxic implantation of intracerebroventricular cannulae
Mouse. Under isoflurane anesthesia (CP-Pharma) and carprofen analgesia (5 mg/kg; Rimadyl, Pfizer) a stainless steel guide cannula (internal cannula 2.8 mm with 1 mm projection 33 gauge, C315I-5/Spc, Plastics One) was stereotaxically implanted into the lateral cerebral ventricle of 7-week-old Lep ob/ob mice (0.9 lateral and 0.1 posterior to bregma, 2.2 ventral to the surface of the skull). The cannula was fixed with dental cement on one small steel screw (screw 00-96x1/96). Cannula placement was tested with an angiotensin II (Sigma-Aldrich) injection [5 ng in 2 l of artificial CSF (aCSF)] 5 d after surgery. Mice were observed after injection and were only chosen for the experiment if they drank immediately.
Rat. Under isoflurane anesthesia (CP-Pharma) and carprofen analgesia (5 mg/kg; Rimadyl, Pfizer), a stainless steel guide cannula (internal cannula 4 mm with 1 mm projection 28 gauge, C313I/Spc, Plastics One) was stereotaxically implanted into the lateral cerebral ventricle of 7-week-old male rats (1.3 lateral to bregma; 3.0 ventral to the surface of the skull). The cannula was fixed with dental cement on three steel screws (0-80x3/32; Plastics One), which were placed around the cannula. Five days after surgery, correct cannula placement was verified by injecting angiotensin II (20 ng in 2 l of aCSF). Rats that drank Ͻ5 ml water in 30 min were excluded from the experimental treatment.
Food restriction experiment
During the first 8 d of the experiment a group of Lep ob/ob mice was pair-fed to Lep ob/ϩ mice whereas one group of Lep ob/ob mice was fed ad libitum (n ϭ 10 animals/group). Despite being pair-fed Lep ob/ob mice still had a significantly higher body weight compared with Lep ob/ϩ mice after 8 d. The amount of food given to the animals was subsequently reduced to 2-3 g/d to match the body weight of Lep ob/ϩ mice. When the body weight trajectories of the Lep ob/ob and the Lep ob/ϩ mice were similar (8 weeks of age), the food-restricted group of Lep ob/ob mice was subdivided into two weight-matched groups (n ϭ 4 -6 animals/group), one of which received an intraperitoneal vehicle (PBS) injection and one an intraperitoneal leptin injection (1.25 mg/kg in PBS). The intraperitoneal glucose tolerance test (ipGTT) was performed in the morning, whereas on the same day in the afternoon the body composition was analyzed under isoflurane anesthesia (CP-Pharma) via DEXA-scan (Lunar PIXImus Densitometer; GE Medical Systems). ) were subjected to an ipGTT. All animals were 8 weeks old except Lepr fl/fl ϫ CaMKII␣-Cre and the respective control Lepr fl/fl , which were at 13 weeks of age, and were food deprived for 16 h before the experiment. The individual strains received an intraperitoneal injection of either vehicle (PBS) or leptin (1.25 mg/kg, i.p., in PBS) 15 min before glucose application (1 g glucose/kg, i.p.; n ϭ 4 -6 animals/group). To determine the blood glucose the vena facialis was punctuated and the glucose concentration was detected by using a commercially available glucometer (Roche; Accu-Check Performa). Lep ob/ob mice were divided into three groups, the first one received the leptin injection as stated above 15 min before the glucose tolerance test (GTT), the second was injected 90 min before the GTT and the third group received two injections 540 and 60 min before the GTT.
Glucose tolerance tests in leptin-or leptin receptor-deficient mice
Glucose tolerance test after intracerebroventricular injection of leptin and isoform-specific PI3K inhibitors
Lep ob/ob mice (8 weeks of age) that were deprived for 16 h food before the experiment, received an intracerebroventricular injection of isoformspecific PI3K inhibitors (PIK-75/TGX-221 0.1 nM in 5% DMSO/aCSF) or 5% DMSO/aCSF followed by an intracerebroventricular injection of leptin (4 g in aCSF) or aCSF 45 min later (n ϭ 5-6 animals/group). One hour after leptin application, an intraperitoneal GTT (1 g glucose/kg) was performed. Blood was collected from the vena facialis and analyzed as described above. ) were fasted for 24 h and perfused in the middle of the light phase. Mice lacking forebrain or global leptin receptor and their appropriate controls were divided into two groups. Accordingly one of the two groups received an injection of insulin (1 mg/kg, i.p.; n ϭ 3-6 animals/ group), the other one vehicle (PBS; n ϭ 3-4) 15 min before transcardial perfusion with 4% paraformaldehyde/phosphate buffer under pentobarbital anesthesia (Narcoren; Merial GmbH). In a different experiment, Lep ob/ob mice and heterozygous controls (Lep ob/ϩ ) were each divided into four groups that received two injections 15 min apart. The first group received two vehicle injections, the second vehicle followed by insulin, the third leptin followed by vehicle and the fourth leptin followed by insulin. The animals were transcardially perfused 15 min after the second injection (vehicle/vehicle n ϭ 2 animals/group; all other groups n ϭ 4 animals/group).
Insulin-induced phosphorylation of AKT (Ser473)
Effect of leptin on phosphorylation of phospho-IRS(Ser307 and Ser612)
Nine-week-old male Lep ob/ob mice were fasted for 16 h and divided into two groups (n ϭ 5-6 animals/group). The first group received an intracerebroventricular leptin injection (4 g in aCSF) and the other 5% DMSO/aCSF. Fifteen minutes later mice were perfused with 4% paraformaldehyde/phosphate buffer under pentobarbital anesthesia (Narcoren; Merial GmbH) and brains were analyzed by immunohistochemistry.
Characterization of hypothalamic insulin signaling after antagonism of leptin signaling
After 24 h food restriction, 8-week-old Sprague Dawley rats (n ϭ 3-4 animals/group) received an intracerebroventricular injection of aCSF or a competitive rat leptin antagonist (200 g in aCSF; L39A/D40A/F41A Protein Laboratories Rehovot) (Solomon et al., 2006) directly followed by an intracerebroventricular injection of insulin (10 mU) or leptin (4 g in aCSF; R&D Systems). Fifteen minutes later rats were transcardially perfused with 4% paraformaldehyde/phosphate buffer under pentobarbital anesthesia (Narcoren; Merial GmbH).
Immunohistochemistry
For immunohistochemistry, animals were anesthetized with pentobarbital (Narcoren; Merial GmbH) and perfused with 0.9% saline containing heparin followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were removed and stored in the same solution for 1 d followed by dehydration in 30% sucrose/0.1 M phosphate buffer. When brains had sunk, they were frozen in isopentane, cooled on dry ice for 1 min, and sectioned coronally at 35 m throughout the hypothalamus on a freezing microtome. Brain slides were collected in four series and stored in cryoprotectant at 4°C. Free-floating sections were incubated in 0.3% H 2 O 2 diluted in PB for 15 min to quench endogenous peroxide followed by incubation in blocking solution (1% normal goat serum, 5% BSA, 0.5% Triton X-100 in phosphate buffer) for 60 min. Sections were incubated with the primary antibody overnight at 4°C (anti-phospho-AKT Ser473, IHC-specific; catalog #9277, or anti-phospho-IRS1 Ser612; cat. no 3203, or anti-phospho-IRS1 Ser 307 catalog #2381; Cell Signaling Technology) diluted in blocking-solution (both 1:500). On the day after, sections were incubated with a biotinylated secondary goat anti-rabbit antibody for 1 h (1:1000, in blocking solution containing 1% normal goat serum, 3% BSA, 0.5% Triton X-100), and then treated with ABC (Vector Laboratories) solution for 1 h. Between the steps, all sections were washed in phosphate buffer (containing 0.5% Triton X-100 before secondary antibody). Finally, the signal was developed by nickel-diaminobenzidine solution (Vector Laboratories), giving a gray/black precipitate. Section images were captured by using a digital camera mounted on a microscope.
Statistics
Data were analyzed by one-or two-way ANOVA followed by a HolmSidak comparison test, as appropriate, using SigmaStat statistical software (Jandel). Where data failed equal variance or normality tests they were analyzed by one-way ANOVA on ranks followed by Dunn's multiple-comparison test. Results are presented as means Ϯ SEM, and differences were considered significant if p Ͻ 0.05.
Results
To separate the role of hypothalamic leptin action on glycemia from its effects on body fat mass, we food-restricted obese (and diabetic) leptin-deficient Lep ob/ob mice such that their body weight trajectory matched that of lean Lep ob/ϩ controls (Fig. 1a) .
Despite the fact that food-restricted Lep ob/ob mice had the same body weight and fasting glucose levels as their heterozygous littermates ( Fig. 1a) , they remained glucose intolerant as determined by an intraperitoneal GTT after 20 d of food restriction ( p ϭ 0.007; Fig. 1b ,c) and exhibited 11% reduced bone mineral density (0.041 g/cm 3 ) compared with their heterozygous littermates (0.046 g/cm 3 ; p Ͻ 0.001). It is important to acknowledge that food-restricted Lep ob/ob mice continued to have a higher fat content, as measured by dual energy x-ray absortiometry (DEXA; p Ͻ 0.001; Fig. 1d ). Within these groups, however, there was no correlation between body fat and glucose homeostasis as measured by the GTT (Fig. 1e) . While food restriction did not effectively improve glucose metabolism, plasma glucose levels were completely normalized in these mice following intraperitoneal injection of leptin ( p Ͻ 0.018 compared with food restricted controls; Fig. 1b,c) .
Having established that leptin administration improves glucose tolerance in food-restricted Lep ob/ob mice, we next investigated whether this beneficial effect is intact in Lep ob/ob mice allowed to feed ad libitum. As expected, vehicle-treated Lep ob/ob mice exhibited severe hyperglycemia and impaired glucose tolerance compared with Lep ob/ϩ mice (Fig. 2a,b) ( p Ͻ 0.05). As was observed in food-restricted animals, intraperitoneal leptin administration normalized glucose tolerance in Lep ob/ob mice ( p ϭ 0.016 vs heterozygous controls; Fig. 2a ). This effect was maximal when leptin was acutely administered as little as 15 min before the glucose challenge, and was not further enhanced by extending leptin pretreatment for up to 9 h before the GTT (data not shown). Since the response to leptin did not vary between time points, a leptin injection 60 min before GTT was chosen for subsequent experiments to minimize stress due to injection handling. By comparison, in euglycemic, nondiabetic heterozygous control animals, exogenous leptin had no effect on glucose tolerance (Fig. 2b) .
To determine whether the effects of intraperitoneal leptin on glucose homeostasis were mediated centrally or peripherally, we investigated whether leptin receptor deletion specifically in forebrain neurons [Lepr fl/fl ϫ CaMKII␣-Cre (Quennell et al., 2009 )] disrupted leptin's glucose-lowering effect. As seen in Lep ob/ob mice glucose tolerance was markedly impaired in these animals compared with controls lacking Cre-recombinase (Fig. 2c) ( p ϭ 0.0134). The degree of impaired glucose tolerance in these animals was very similar to that seen in Lepr db/db mice, which lack a functional leptin receptor in the whole body. Unlike the effect seen in Lep ob/ob mice, acute peripheral leptin injection 60 min before the GTT did not improve glucose tolerance in either strain (Fig. 2c) . These data confirm that the effect of leptin on glucose homeostasis is specifically mediated through leptin receptors expressed in the forebrain.
It has been proposed that leptin action on glucose homeostasis involves the PI3K pathway (Mauvais-Jarvis et al., 2002; Niswender et al., 2003; Morton et al., 2005; Hill et al., 2009) . As, in previous work, we had not observed leptin-induced activation of AKT in the hypothalamus (Tups et al., 2010) , we sought to test whether hypothalamic PI3K signaling was involved in the leptin- induced normalization of glucose homeostasis in Lep ob/ob mice. To do this, we examined glucose tolerance in the presence of combined inhibition of the p110␣-and p110␤-isoforms of PI3K (Tups et al., 2010) . Selective inhibitors of these two proteins (0.1 nM each) were administered into the lateral ventricle (intracerebroventricularly) of Lep ob/ob mice 45 min before intracerebroventricular injection of leptin (4 g) or vehicle. Sixty minutes later, a GTT was performed. As expected glucose tolerance was markedly impaired in vehicle-treated Lep ob/ob mice. Consistent with the data showing that central actions of leptin mediate the effect on glucose homeostasis, an acute intracerebroventricular injection of leptin significantly improved glucose tolerance in Lep ob/ob mice, as effectively as peripheral injection in earlier experiments ( p ϭ 0.047; Fig. 2d ). The PI3K inhibitors had no effect in vehicle-treated animals but markedly reduced the effect of leptin on peripheral glucose tolerance ( p ϭ 0.025; Fig. 2d) .
To investigate the mechanisms activating PI3K, we measured phosphorylation of AKT in hypothalamic neurons following administration of leptin, or insulin, or a combination of the two hormones. AKT is a key target of PI3K activity and phosphorylation results in activation of this molecule. Phospho-AKT (Ser473) was measured by immunohistochemistry using a phospho-specific antibody in the mouse brain. Mice were killed 15 min after an intraperitoneal insulin injection, and cells immunoreactive for phospho-AKT (Ser473) were counted in the arcuate nucleus (ARC) (Tups et al., 2010) . In lean heterozygous Lep ob/ϩ mice, acute intraperitoneal injection of insulin resulted in a marked increase in phospho-AKT (Ser473)-immunoreactive cells in the ARC ( p ϭ 0.024; Fig. 3a,b) . In contrast, acute peripheral leptin injection only marginally induced phospho-AKT (Ser473), and the combined administration of leptin followed 15 min later by insulin was no more effective than insulin alone. In obese Lep ob/ob mice, however, there was a significant 60% reduction in the number of insulin-induced phospho-AKT (Ser473)-immunoreactive cells in the ARC compared with the lean littermates. Similar to lean animals, leptin treatment alone had no effect on phospho-AKT (Ser473) expression in Lep ob/ob mice. Pretreatment with leptin, however, markedly enhanced the response to an insulin injection 15 min later (vehicle vs insulin nonsignificant; vehicle vs leptinϩinsulin: p ϭ 0.009; Fig. 3a) such that it was similar to that seen in lean controls. We repeated these studies in mice lacking a functional leptin receptor, either specifically in forebrain neurons (Lepr fl/fl ϫ CaMKII␣-Cre) or globally (Lepr db/db ). In both of these strains of mice, the number of cells in the ARC which showed insulin-induced phosphorylation of AKT (Ser473) was reduced to ϳ30% of that observed in control mice ( p Ͻ 0.05; Fig. 3c,d ).
Up to this stage, all data has been generated using mice with genetic disruptions of leptin or leptin signal transduction, raising the question of whether this phenomenon might be specific to this extreme form of leptin deficiency or leptin resistance. Hence, in parallel studies, we sought to investigate the interaction between leptin and insulin signaling in a more physiological model. To do this, we acutely suppressed leptin signaling in lean, nondiabetic Sprague Dawley rats using a competitive leptin receptor antagonist (Solomon et al., 2006 ) that has been shown to block leptin-induced phospho-STAT3 in the brain (Zhang et al., 2007) . A specific leptin receptor antagonist (200 g) or vehicle was injected intracerebroventricularly immediately followed by insulin or vehicle intracerebroventricularly, and animals were transcardially perfused with 4% paraformaldehyde 15 min later. As seen in mice studies, intracerebroventricular insulin resulted in a significant increase of phospho-AKT (Ser473) in the ARC. Acute 
.). AUC was significantly decreased by leptin pretreatment compared with PBS-pretreated Lep
ob/ob mice, independent of the injection time. White, Vehicle(PBS);black:intraperitonealleptininjection90minbeforeglucoseapplication;red,intraperitoneal leptin injection 15 min before glucose application. Vehicle, n ϭ 4 animals; leptin, n ϭ 5 animals/ group;DatashowmeansϮSEM.*pϽ0.05.b,Heterozygouscontrolstoexperimentpresentedina. Leptin had no effect on normal glucose tolerance in Lep ob/ϩ mice. White, Vehicle (PBS); black, intraperitoneal leptin injection 90 min before glucose application; red, intraperitoneal leptin injection 15 min before glucose application. Vehicle, n ϭ 6 animals; leptin, n ϭ 5 animals/group; Data show means Ϯ SEM. c, Leptin (1.25 mg/kg, i.p.) did not ameliorate the glucose tolerance and AUC of mice lacking leptin receptor in the forebrain. White, Lepr fl/fl mice (lean, n ϭ 6) received a vehicle (PBS) injection; brown, Lepr fl/fl mice (n ϭ 5) received a leptin injection; dark gray, Lepr fl/fl ϫ CaMKII␣-Cre mice (obese, n ϭ 6) received a vehicle (PBS) injection; red, Lepr fl/fl ϫ CaMKII␣-Cre mice (n ϭ 5) receivedaleptininjection;lightgray,Lepr db/db mice(obese,nϭ5)receivedavehicle(PBS)injection. Since the GTT for the Lepr db/db mice was terminated after 90 min, two AUCs are presented. Shaded bars show the AUC of all treatment groups over 90 min, while plain bars show AUC of all treatment groups (except Lepr db/db mice) over 180 min. Data show means Ϯ SEM. n.s., Nonsignificant. d, Centralapplicationofleptin60minbeforeipGTT(1g/kg)amelioratedtheglucosetolerancesimilarto intraperitoneal injection of the hormone. The effect was completely blocked by intracerebroventricular pretreatment with isoform selective PI3K inhibitors PIK-75 (specific for p110␣) and TGX-221 specific for (p110␤). Inhibitors (0.1 nM each) were given 45 min before intracerebroventricular leptin injection (4 g). White, Vehicle (aCSF/5% DMSO)/vehicle (aCSF), n ϭ 5 animals; red, vehicle (aCSF/5% DMSO)/leptin, n ϭ 5 animals; black, PIK-75ϩTGX 221/aCSF, n ϭ 6 animals; black/red, PIK-75 ϩTGX 221/leptin, n ϭ 6 animals. Data show means Ϯ SEM. *p Ͻ 0.05. treatment with the leptin antagonist, however, completely prevented this effect of insulin ( p ϭ 0.015; Fig. 3e ).
The data above strongly suggested that leptin acts acutely in the brain to enhance sensitivity to central insulin signaling through the PI3K pathway. However, the mechanism by which leptin acts to acutely sensitize insulin signaling in the hypothalamus is unknown at present. Since our work has suggested that leptin, by itself, does not significantly activate AKT, we suspect that it must be acting upstream in the PI3K pathway. Insulin is thought to induce tyrosine phosphorylation of either insulin receptor substrate (IRS) 1 or 2 in the brain (Folli et al., 1994; Yamada et al., 1997; Kubota et al., 2004; Lin et al., 2004; Choudhury et al., 2005; Taguchi et al., 2007) . The ability of IRS proteins to signal, however, is regulated by the degree to which IRS is serine phosphorylated on a number of different sites (Harrington et al., 2004) . To test the hypothesis that leptin might directly affect serine phosphorylation of IRS1, Lep ob/ob mice were treated with intracerebroventricular leptin or vehicle 15 min before an intraperitoneal glucose injection (to mimic the conditions during an intraperitoneal GTT). Fifteen minutes after glucose treatment, the mice were transcardially perfused with paraformaldehyde and immunohistochemistry was performed for phospho-IRS1 (Ser307 and Ser612, in separate sections) on cryosections throughout the ARC. Leptin significantly reduced the number of phospho-IRS1 (Ser612)-immunoreactive cells by ϳ50% compared with the control (glucose-only) group ( p Ͻ 0.001) (Fig. 4a, left) . Interestingly, for phospho-IRS1 (Ser307) leptin had the opposite effect and increased the number of immunoreactive cells by ϳ40% ( p Ͻ 0.001) (Fig. 4a, right) .
Discussion
Leptin has been implicated in regulating glucose homeostasis in a wide range of studies. It has been known for a long time that leptin deficiency results in the development of severe type 2 diabetes, both in humans and experimental animals (Zhang et al., 1994; Segal et al., 1996) . Leptin treatment reverses these symptoms, associated with weight loss. Recent studies, however, have demonstrated that leptin can improve glucose metabolism independent of its effects on energy homeostasis (German et al., 2010; Hedbacker et al., 2010) . Although it has been reported that leptin might exert its anti-diabetic properties by preferentially enhancing insulin signaling in the liver (German et al., 2010) , whether leptin also modulates hypothalamic insulin signaling is only poorly understood. A wide range of studies have demonstrated that insulin signaling in the brain plays a major role in maintaining peripheral glucose homeostasis (Brüning et al., 2000; Gelling et al., 2006; Koch et al., 2008; Obici et al., 2002a,b) . Here, we corroborate the notion that central insulin signaling is a major factor controlling peripheral glucose homeostasis. Moreover, we present evidence that insulin action in the hypothalamus is dependent on intact leptin signaling in the brain.
In our first experiment, we demonstrated that leptin, itself, is a major contributor to an enhanced glucose tolerance, and that this action is very acute and does not require a leptin-induced Leptin did not further enhance the action of insulin. In Lep ob/ob mice, insulin signaling was impaired as reflected in a decrease in insulin-induced phospho-AKT expression. Leptin pretreatment, however, could partially restore insulin signaling in the leptin/ insulin group. Vehicle, n ϭ 2 animals/group; insulin, leptin, and leptin/insulin, n ϭ 4 animals/group. Data show means Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. c, Leptin receptor-deficient mice exhibit impaired insulin signaling in the ARC. Lepr db/db mice and their controls (Lepr db/ϩ ) received an intraperitoneal insulin injection (1 mg/kg) 15 min before transcardial perfusion. phospho-AKT(Ser473)-immunoreactive cells were counted in the ARC. Gray bars depict the vehicle (PBS)-treated whereas the black bars depict the insulin (1 mg/kg)-treated groups of the respective genotype (n ϭ 3-6). Data show means Ϯ SEM. d, Mice with a neuron-specific deletion of the leptin receptor (Lepr fl/fl ϫ CaMKII␣-Cre) also exhibit impaired insulin signaling in the hypothalamus. The experimental paradigm was identical to Figure 3c , and the respective controls were Lepr fl/fl mice. Vehicle n ϭ 3 animals/group; insulin n ϭ 5 animals/group. Data show means Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01. e, A leptin receptor antagonist blocks insulin-induced pAKT in healthy, nondiabetic Sprague Dawley rats. The leptin antagonist was injected (200 g) immediately before insulin (10 mU) was injected. One group received a vehicle injection (aCSF) followed by leptin (4 g), one the antagonist, followed by leptin (4 g), and one vehicle (aCSF) followed by insulin (10 mU). The insulin-induced phosphorylation of AKT (Ser473) was blocked by an intracerebroventricular injection of the leptin antagonist (200 g) directly before insulin injection. All injections were intracerebroventricular. Red, aCSF/leptin, n ϭ 3 animals; red/white, leptin antagonist/leptin, n ϭ 3 animals; black, aCSF/insulin, n ϭ 4 animals; black/white, leptin antagonist/insulin, n ϭ 4 animals. *p Ͻ 0.05. reduction of body weight and loss of body fat mass. Pair-feeding and subsequent food restriction of Lep ob/ob mice to reduce body weight to the level of lean Lep ob/ϩ mice only revealed a trend toward an improvement in glucose tolerance. There was no correlation between body fat content and glucose tolerance [area under the curve (AUC)] in these individuals. Only after adding an acute leptin injection was glucose tolerance significantly improved, resulting in even better clearance than in vehicle-treated Lep ob/ϩ controls. Thus, lack of leptin, rather than the associated obesity, was the primary cause of impaired glucose homeostasis in Lep ob/ob mice. These data are consistent with the hypothesis that leptin resistance is a primary cause of type 2 diabetes. However, the possibility that some additional adverse effects are caused by excessive adipose tissue cannot be eliminated, since there was some trend toward an improvement in glucose tolerance simply after pair-feeding/ food restriction in Lep ob/ob mice. Corticosteronemia, glucagon and circulating catecholamines could potentially contribute to observed outcomes and warrant future investigation.
The effect of leptin on glucose metabolism was exclusively mediated centrally, because leptin was equally effective whether administered centrally or peripherally, and there was no beneficial effect of leptin in mice lacking a functional leptin receptor specifically in forebrain neurons. Surprisingly, leptin was able to act very acutely (within 15 min) to improve glucose tolerance. This suggests that the effect is not mediated through enhanced transcription of leptin target genes, but rather through more rapid effects such as phosphorylation events or acute changes in the neuronal firing rate. Crosstalk of both hormones particularly in proopiomelanocortin neurons of the hypothalamus has been suggested. Both insulin and leptin induced a transient nuclear export of FoxO1 from these neurons (Fukuda et al., 2008) and affected neuronal firing in a PI3K-dependent manner . A recent report suggests that this crosstalk may be mediated through segregated actions of leptin and insulin on distinct cells within the POMC network, rather than on the same cells (Williams et al., 2010) .
In the present study, inhibition of the p110␣ and ␤ isoforms of PI3K totally blunted the glycemic action of leptin, suggesting that leptin-induced enhancement of glucose homeostasis is dependent on PI3K signaling in the brain. In our previous work in rats (Tups et al., 2010) , we demonstrated that leptin did not directly activate phospho-AKT, the primary target of PI3K-activity in the hypothalamus. Hence, we hypothesized that the suppression of leptin action that occurred following inhibition of PI3K might be based on disruption of insulin signaling. Consistent with this interpretation, in Lep ob/ϩ mice we observed that the ability of insulin to activate phospho-AKT was much higher than that of leptin, but that this effect of insulin was markedly reduced in all of the models with impaired leptin signaling; the Lep ob/ob , the Lepr db/db and the Lepr fl/fl ϫ CaMKII␣-Cre mouse. In the Lep ob/ob mouse, which is leptindeficient but remains responsive to leptin, leptin treatment acutely restored insulin sensitivity, suggesting a potent crosstalk of the two hormones. The sensitization of insulin signaling by leptin was not limited to mouse models with extreme metabolic and neuroendocrine derangements, such as genetic modification. Acute antagonism of central leptin action in healthy nondiabetic rats totally impaired the number of insulin-induced phospho-AKT-immunoreactive cells in the arcuate nucleus, confirming the essential role of leptin in maintaining insulin sensitivity in the hypothalamus.
Unlike our previous work in rats, in the present study in mice, leptin was able to induce a small increase in phospho-AKT in the arcuate nucleus. Because PI3K inhibition completely prevented the leptin-induced enhancement of glucose homeostasis, it is possible that this effect of leptin is mediated by a direct action on PI3K. It seems more likely, however, that the marked improvement in glucose homeostasis observed after leptin treatment was . IRS phosphorylation in the hypothalamus: a potential mechanism for leptin's action on glycemia? a, Analysis of phospho-IRS1(Ser612) (left) and for phospho-IRS1(Ser307) (right) by immunohistochemistry in the ARC of Lep ob/ob mice (n ϭ 5-6 animals/group). phospho-IRS1-immunoreactive cells within the medial part of the ARC were counted in four region-matched representative sections of each animal. Fifteen minutes after either vehicle (aCSF) or leptin (4 g) intracerebroventricular injection, animals were transcardially perfused. Data show means Ϯ SEM. ***p Ͻ 0.001. b, Model proposing the central mechanism of sensitization of insulin signaling by leptin. In nonobese, leptin-sensitive animals, leptin might activate IRS1 to promote insulin action through the IRS1-PI3K pathway to regulate glucose homeostasis (left). During obesity, with the onset of leptin resistance, leptin might lose its ability to activate IRS1, resulting in a modification of this molecule to a lower affinity to insulin signal transduction (right). This will result in chronically impaired insulin signaling and the development of type 2 diabetes. LepR, Leptin receptor; IR, insulin receptor; JAK, Janus kinase.
due to the leptin-induced sensitization of insulin signaling in the hypothalamus. As a possible mechanism for this effect, we hypothesized that leptin stimulated insulin signaling through PI3K, through an action upstream of PI3K at the level of IRS1. We observed that leptin reduced the number of phospho-IRS1(Ser612)-immunoreactive cells in the arcuate nucleus and had the opposite effect for phospho-IRS1(Ser307). Whether serine phosphorylation of IRS1 negatively or positively regulates insulin signaling in vivo is only poorly understood. In most studies, serine phosphorylation at multiple sites is associated with insulin resistance (Harrington et al., 2004) . Hence, leptininduced reduction in Ser612 phosphorylation of IRS1 may promote sensitivity to insulin signaling. However, the effect of leptin on serine phophorylation of IRS1 was not uniform at all sites examined. We also observed a leptin-induced increase in Ser307 phosphorylation. Very recently, Ser307 phosphorylation of IRS1 was shown to be essential for maintaining insulin sensitivity in mice, with insulin resistance occurring in mice in which Ser307 was replaced with alanine (Copps et al., 2010) . Leptin-induced Ser307 phosphorylation of IRS1, therefore, may also sensitize insulin action in the hypothalamus. These data are consistent with the hypothesis that leptin may directly regulate insulin sensitivity in the hypothalamus, at least in part, through specific modulation of serine phosphorylation on IRS1 at multiple sites (Fig. 4b) .
Our data support the concept that central insulin signaling is a major factor controlling peripheral glucose homeostasis. Previous studies have demonstrated that hypothalamic insulin signal transduction is required for the inhibition of hepatic glucose production (Obici et al., 2002a,b) and that hypothalamic actions of leptin appear to improve peripheral insulin sensitivity via a mechanism involving the vagus nerve (German et al., 2009 ). Furthermore, it was reported that hepatic glucose production is controlled by central nutrient sensing mechanisms (Pocai et al., 2005) . The results presented above provide a key link between these important observations. We have shown that leptin is essential for insulin action in the hypothalamus, allowing central insulin to maintain blood glucose homeostasis. The profound correlation of obesity with type 2 diabetes can therefore be explained by the onset of hypothalamic leptin resistance associated with obesity. This results in a loss of insulin sensitivity and consequent impaired glucose homeostasis.
